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Abstract

A flexible and explicit on-line parameterization for the calculation of tropospheric pho-
todissociation rate constants (J-values) has been integrated into the global Chemistry
Transport Model TM5. Here we provide a comprehensive description of this Modi-
fied Band Approach (MBA) including details of the optimization procedure employed,
the methodology applied for calculating actinic fluxes, the photochemical reaction data
used for each chemical species and the parameterizations adopted for improving the
description of scattering and absorption by clouds and aerosols. The resulting J-values
change markedly throughout the troposphere when compared to the offline approach
used to date, with significant increases in the boundary layer and upper troposphere.
Conversely, for the middle troposphere a reduction in the actinic flux results in a de-
crease in J-values. Integrating effects shows that application of the MBA introduces
seasonal dependent differences in important trace gas oxidants. Tropospheric ozone
changes by +5% in the seasonal mean mixing ratios throughout the troposphere,
which induces changes of +15% in tropospheric OH. In part this is due to an in-
crease in the re-cycling efficiency of nitrogen oxides. The overall increase in northern
hemispheric tropospheric ozone strengthens the oxidizing capacity of the troposphere
significantly and reduces the lifetime of CO and CH, by ~5 % and ~4 %, respectively.
Changes in the tropospheric CO burden, however, are limited to a few percent due
to competing effects. Comparing the distribution of tropospheric ozone in the bound-
ary layer and middle troposphere against observations in Europe shows there are im-
provements in the model performance during boreal winter in the Northern Hemisphere
near regions affected by high nitrogen oxide emissions. Monthly mean total columns
of nitrogen dioxide and formaldehyde also compare more favorably against OMI and
SCIAMACHY total column observations.
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1 Introduction

The tropospheric composition is principally governed by photochemical reaction cy-
cles which generate free-radical oxidants (e.g. the hydroxyl radical (OH)) that exhibit
high chemical reactivity and, thus, determine the lifetime of harmful pollutants emitted
from the Earth’s surface (e.g. Lelieveld et al., 2002). Therefore the performance of any
large-scale model used for studying atmospheric chemical processes is critically sen-
sitive to the accuracy with which the intensity of photolysing light is calculated, and its
subsequent variability with altitude, latitude and season.

The spherically integrated flux of photons at any point in the atmosphere is commonly
known as the (spectral) actinic flux (F, ) and is dependent on the absorption and
scattering of incident solar radiation by gaseous molecules, clouds and aerosols. The
penetration depth of any given photon is determined by the incident angle at which the
extra-terrestrial sunlight enters the top of the atmosphere (TOA) i.e. the solar zenith
angle (SZA, 0). The subsequent fate of the photon is determined by multiple scattering
and absorption. Any chemical species (/) which exhibits photochemical activity has a
characteristic wavelength (1) dependent absorption cross section (o;). The efficiency at
which that chemical species is photochemically destroyed is determined by its quantum
yield (¢;), which may range from 0—1 for any particular A. Both of these molecular
properties may be dependent on the pressure and temperature of the surrounding air.
The resulting photodissociation rate constants (J;) are calculated by integrating the
product of F,, o; and @, across all wavelengths for each respective chemical species
that is photochemically active, as described in Eq. (1):

Ji= / 6, ()b (W) Fact ()2 (1)

The calculation of the photodissociation rate constants J; (hereafter referred to as J-

values) requires the application of a spectral grid upon which the necessary photolytic

input parameters (F,y, 0;, @;) are binned. It has previously been shown that such

spectral grids need to have a resolution of ~1nm around A1 =300nm and contain a
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minimum of 100 individual spectral bins in order to provide an accurate description of
tropospheric J-values (Madronich and Weller, 1990). Moreover, the speed and accu-
racy with which F,, is calculated is dependent on the number of “streams” (scattering
directions) adopted for determining the solution to the radiative transfer equation, which
commonly ranges from 2 to 32 streams subject to the particular application. J-values
typically increase with respect to height due to the reduction in the total integrated opti-
cal depth (OD) overhead (lower pressure, less aerosols and clouds). The calculation of
J-values can be prohibitively expensive in large-scale atmospheric models which need
to be run over decadal timescales at high resolution, necessitating the use of either
efficient parameterizations or offline look-up tables (e.g. Law and Pyle, 1993; Brasseur
et al., 1998). Most large-scale global 3-D Chemistry Transport Models (CTMs) used
for tropospheric studies adopted offline approaches until around a decade ago. More
recently the significant increase in computing resources has allowed on-line schemes
to be implemented in order to improve model performance (e.g. Voulgarakis et al.,
2009). One example of such an on-line approach is the Fast Tropospheric-Ultraviolet-
Visible (Fast TUV) method which uses a spectral grid containing 17 wavelength bins
in conjunction with an 8-stream radiative transfer solver, where the application of pre-
calculated correction factors is needed to maintain accuracy (Tie et al., 2003). Another
example of an efficient on-line scheme is the Fast-J method of Wild et al. (2000). Such
on-line approaches have been shown to allow a better description of the influence of
clouds and aerosols on tropospheric J-values (e.g. Liu et al., 2006).

In this paper we provide a comprehensive description of the implementation of the
on-line photolysis scheme developed by Williams et al. (2006). This scheme is flexible
as it avoids the use of implicit parameterizations and has been tailored and optimized
for use in tropospheric CTMs and regional air-quality models. In Sect. 2 we briefly
describe the implementation of the approach in the 3-D global CTM TM5-chem-v3.0
(Huijnen et al., 2010a), give details of the most recent absorption cross sections (o-
values) and quantum yields (¢@-values) selected for each photo-active species included
in the chemical scheme, outline the modifications which have been made in order to
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optimize the calculations for the troposphere and give a brief description of the model
set-up. In Sect. 3 we compare the J-values calculated with the on-line scheme with
the J-values calculated with the offline parameterization based on the Band Approach
(BA) by Landgraf and Crutzen (1998) currently employed in TM5-chem-v3.0 (hereafter
referred to as TM5). In Sect. 4 we show the resulting perturbations in the seasonal dis-
tributions of dominant trace gases and the OH radical and examine the annual chemical
budget terms to quantify how the on-line scheme alters the dominant chemical cycles
important for the troposphere. Both model versions are compared to a set of bench-
mark observations that were also used in Huijnen et al. (2010a). In Sect. 5 we discuss
the implications of applying the new approach in TM5 for the oxidizing capacity of the
troposphere and finally, in Sect. 6, we provide an overall summary of the new TM5
model version with on-line photolysis.

2 On-Line model set-up
2.1 The Modified Band Approach

The method of calculating tropospheric J-values on-line is based on the Modified Band
Approach (MBA) developed for stratospheric CTMs and Chemistry-Climate Models
(CCMs) and has been comprehensively described in Williams et al. (2006). The MBA
is an updated version of the BA developed by Landgraf and Crutzen (1998). To date the
BA is used for calculating tropospheric J-values in a number of large-scale CTMs and
CCMs (e.g. von Kuhimann et al., 2003; Jockel et al., 2006; Huijnen et al., 2010a). One
major advantage of the MBA is an increase in flexibility to update molecular properties
(o-values; ¢-values) and add new J-values to large-scale chemistry models thereby
avoiding pre-calculation of parameterized input fields.

The spectral grid applied in the MBA is a truncated (optimized) version of the grid
defined in Bruhl and Crutzen (1988) for the A range of 202-695nm. It contains 122
individual spectral bins of varying resolution (from 0.2nm at 1=300nm to 5nm at
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A=600nm). These spectral bins are grouped into 7 separate absorption band in-
tervals: 202.0-241.0 nm, 241.0-289.9 nm, 289.9-305.5nm, 305.5-313.5nm, 313.5—
337.5nm, 337.5-422.5nm and 422.5-695 nm (identical to Table 1 in Williams et al.,
2006). The spectral range of the grid is constrained by the ¢ values of O5. Due to
the efficient screening of photons at 1 <202 nm by gaseous oxygen (O,) and ozone
(O3), the absorption band in the MBA associated with the far UV spectral region (179-
202 nm) can be ignored during the calculation of tropospheric J-values (i.e. band 1 as
defined in Williams et al. (2006) is removed). A second set of band intervals is used
between SZA values of 8 = 71-85°, which have been shown to improve the accuracy of
the MBA at low sun (identical to Grid A in Williams et al., 2006). This accounts for the
diminishing incident radiation in the UV into the troposphere when the overhead slant
column (path length) is large, i.e. at high SZA. The effects of refraction due to spherical
geometry for SZA > 85° are not included. Such geometrical effects are likely less rele-
vant in global tropospheric chemistry compared to e.g. polar stratospheric chemistry.

The MBA calculates a full solution of the radiative transfer equation to derive F, for
a pre-defined wavelength bin that is contained within each of the 7 absorption band
intervals. For 8 <71° the central wavelengths of these bins are 205.1 nm, 287.9 nm,
302.0nm, 309.0 nm, 320.0 nm, 370.0nm and 580.0 nm, respectively. For §=71-85°
a second set of wavelength bins are used, namely: 209.4nm, 287.9nm, 302.0 nm,
311.0nm, 326.5nm, 385.0nm and 610.0 nm. Following the original BA the resulting
values for F, are then used to produce the corresponding scaling ratios (6,) by scal-
ing with F,,s according to Eq. (2), where F,,s is the spectral actinic flux in a purely
absorbing (non-scattering) atmosphere.

o Fact(/li)
I Fabs(/li)
The use of §; is a necessary approximation to allow the application of the MBA in global

CTMs, where the direct calculation of F, for each spectral bin is still too computation-
ally expensive. At high SZA, 6, values which are calculated higher up in the column

(2)
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are adopted for the lowest layers of the troposphere, where there is still adequate illu-
mination (see Table 4 in Williams et al. (2006) for details of the reasoning behind this
approach and the subsequent thresholds applied for calculating F,,s). This constraint
ensures that erroneously high §; values are not used for instances of low sun, where
the direct component of the incident flux becomes close to zero. This constraint is
only applied between the 8 =80-85°. The J-value calculated for a purely absorbing
atmosphere (J,s) is scaled using the respective §; values and the contributions are
summed across all band intervals for the derivation of the final J-value (J,) according
to Eq. (3):

Jye= D J25 (3)
i

2.2 Calculation of the actinic flux (F,¢ )

The vertical slant column (i.e. the distance traveled through the atmosphere by
any photon) at each model level is calculated using the method outlined in
Madronich (1987). For the Rayleigh scattering component due to air, the cross-sections
are calculated following the empirical approach of Nicolet (1984). The scattering optical
depth of liquid clouds is calculated using the parameterization of Slingo (1989), where
the parameterization of the relation between effective radius of cloud droplets () and
liquid water content (LWC) follows McFarlane et al. (1992), according to Eq. (4):

rei =11 xLWC +4 (4)

Here r4 is in pm and the LWC is in g m™>. Constraints are place on the minimum Iets Of
4 pm over land and on the maximum ry; of 12 um for a non-precipitating cloud. Exam-
ples of the seasonal distribution of o4 are given in Fig. S1 in the Supplement. Although
values of ro < 4.0 pm are shown this is an average zonal mean therefore accounting for
grid cells where no clouds occur. In general, smaller (larger) cloud droplets exist over
the land (ocean), which introduces different scattering and absorption components for
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any given location. The parameterization provides values of .4 and OD over the ocean
that are within the range derived for a variety of different marine stratocumulus clouds
from e.g. the Advanced Very High Resolution Radiometer (AVHRR) instrument (Szc-
zodrak et al., 2001). The cloud fraction in each grid cell is subsequently used to weight
the scattering that occurs in a typical model grid cell during the calculation of F, (see
below). For the contribution to the scattering OD from cirrus particles, the parame-
terization of Fu (1996) is adopted, which is consistent with the parameterization used
for calculating the r of cirrus particles in TM5 (Huijnen et al., 2010a). This provides
values of scattering OD for cirrus particles which are within the range observed during
a host of different measurement campaigns (Heymsfield et al., 2005).

For aerosols, either a marine or rural aerosol type is prescribed in the boundary
layer according to the land/sea fraction in each grid cell, using the optical properties
defined in the parameterization of Shettle and Fenn (1979). Here the influence of rela-
tive humidity on aerosol size via deliquescence (and thus scattering) is also accounted
for, although no interaction with cloud liquid droplets (scavenging and washout) is in-
cluded. At higher altitudes a free tropospheric aerosol type is prescribed throughout
the column (i.e. less absorption/higher scattering). Although the Mie-scattering com-
ponent is not included in this study, the explicit nature of the MBA means that there is
the possibility of including this component in the near future, although computational
restrictions typically require the use of offline look-up tables (e.g. de Meij et al., 2006).
Another objective of future applications is to use more realistic aerosol distributions
e.g. as provided on-line in TM5 by the M7 aerosol scheme (Vignati et al., 2004; Aan de
Brugh et al., 2010) or observational data sets provided off-line such as those released
due to biomass burning activity (e.g. van der Werf et al., 2006).

The extra-terrestrial solar spectrum applied at the TOA was taken from the com-
posite assembled by Dobber et al. (2008) and supplemented with that of Neckel and
Labs (1984) for 1 > 550 nm. The resulting composite was then interpolated onto the
working spectral grid of Bruhl and Crutzen (1988). No solar cycle is currently imposed
on the TOA flux although variations in the Earth-Sun distance are taken into account.
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The calculation of the SZA in the MBA has been modified to account for the length
of the chemical time-step employed in TM5, which is typically set at 15 min (Huijnen
et al., 2010a). For this an average SZA is calculated using 1/6, 3/6 and 5/6 of the
chemical time-step across the minimum, mean and maximum longitudinal limits for the
centre latitude of each model grid cell. For the BA the SZA is calculated at the start
of each chemical time step for grid co-ordinates located in the centre of each model
grid cell. This leads to differences in the applied SZA at each chemical time-step
between both approaches, with those in the MBA typically being 1-3° larger than the
corresponding values in the BA depending on latitude and season. Maximal effects
occur at high latitudes, resulting in more grid cells being photolytically active with the
MBA near the poles during their respective winters, although J-values are rather small.
The instantaneous differences between the applied SZA between BA and MBA for
January and July are shown in Fig. S2 in the Supplement.

For the calculation of F,; values we use the 2-stream radiative transfer solver of
Zdunkowski et al. (1980) known as the Practical Improved Flux Method (PIFM). This
approach uses the integrated absorption of photons (O,, O3, aerosols and clouds) and
scattering (gaseous molecules, clouds and aerosols) in the overhead column at each
respective model layer. Partial cloud coverage is accounted for during the calculation
of F, using the random overlap approach of Geleyn and Hollingsworth (1979) using
the respective cloud fractions. No spherical effects due to refraction are accounted
for at higher SZA. In TM5 the surface albedo for each grid cell is a composite of the
various land-types contained within each grid cell and calculated according to Eq. (5):

Albedo = Fract.(ocean) x 0.7 + Fract.(sea_ice) x 0.7 + Fract(bare_soil) x 0.05
+Fract.(desert) x 0.1 + Fract.(vegetation) x 0.01 + Fract.(snow) x 0.01 (5)

The values for the spectrally independent albedo for the different surface types are
chosen from the database of Koelemeijer et al. (2003). Seasonal composites of the
surface albedo for December-January-February (DJF) and June-July-August (JJA) are
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shown in Fig. S3 in the Supplement, where significant variability exists on land masses
in the Northern Hemisphere (NH) associated with snow cover during DJF.

2.3 Absorption cross section and quantum yields

The characteristic absorption cross sections (o-values) and quantum yields (¢-values)
used for each respective species have been updated and are given in Table 1 as taken
from the latest recommendations of either Atkinson et al. (2006) or Sander et al. (2011).
In total 17 individual J-values are calculated every model time-step throughout the
atmospheric column. Compared with TM5 (Huijnen et al., 2010a) there is the addition
of the J-value of O, (Jo,p) between 202-240nm. Although the penetration depth of
photons into the troposphere is rather limited in this UV range, Prather (2009) has
recently demonstrated that this photolytic process is important for O3 production in the
upper troposphere (UT) of the tropics and suggests it should therefore be included
in tropospheric CTMs. Equations (6)—(8) show the additional sequence of reactions
which is included to describe this process:

0, +hv — O(P) +O(P) (6)
OCP)+0, —O4 (7)
0OCP)+0; —20, (8)

The competition for the O(3P) radical by both NO and NO, are assumed to be insignif-
icant due to the dominance of molecular O, and O between 50-100 hPa.

For optimization purposes the number of spectral parameters declared for each par-
ticular species is reduced to avoid redundancy with respect to memory allocation (cf.
Table 1). In order to limit expensive interpolation steps being performed online, both the
temperature dependent ¢- and ¢-values are stored in a look-up table that is indexed
between 200-350° K at intervals of 5° K. Tests have been performed with a chemical
box-model to ensure that this indexing resolution does not lead to any appreciable
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degradation in the resulting J-values. One exception is for the J-value of methylgly-
oxal (JyaLy), Where the temperature and pressure dependent ¢-values are calculated
online using the parameterization given in Sander et al. (2011).

2.4 TMS5 experimental set-up

In this section we provide a brief description of the model set-up adopted for evaluating
the performance of the MBA when applied in TM5. The TM5 model has recently been
comprehensively described and evaluated against a variety of different measurements
(Huijnen et al., 2010a). We perform simulations using 34 vertical layers at a horizontal
resolution of 3° x 2° and drive the CTM with ECMWF meteorological fields taken from
the ERA-interim re-analysis (Dee et al., 2011). For this study we choose the simulation
year of 2006, identical to that chosen in Huijnen et al. (2010a). Stratospheric ozone
is constrained by relaxation to a sonde-based climatology for the stratospheric O3 pro-
files of Fortuin and Kelder (1998) which was scaled to the observed monthly mean
assimilated total ozone columns from a multi-sensor reanalysis dataset (van der A et
al., 2010).

For the emission inventories we employ the present-day anthropogenic inventories
from the RETRO project (Schultz et al., 2007) supplemented with those from the REAS
inventory for the Asian region (Ohara et al., 2007). For biogenic emissions we adopt
climatological values from either GEIA (Guenther et al., 1995) or the 12-yr average
from the ORCHIDEE model (Lathiére et al., 2006). Lightning NO, emissions are cal-
culated using the parameterization of Meijer et al. (2001), where the total annual is
~5.9Tg Nyr'1. For the biomass burning emissions we use the Global Fire Emissions
Database version 2 (GFEDv2) 8-day inventories (van der Werf et al., 2006). A spin-up
period of one year is adopted using the relevant meteorology and emission inventories
for 2005. One further modification compared with Huijnen et al. (2010a) is that the
heterogeneous conversion of nitrogen pentoxide (N,Og) into nitric acid (HNO3) now
uses the variable cloud droplet sizes calculated according to Eq. (4) rather than a fixed
droplet size of 8 um as previously prescribed.
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3 Effect of the MBA on tropospheric J-values

A direct comparison of F, values is not possible due to the highly parameterised na-
ture of the methodology applied to create the offline look-up tables used in the BA.
Therefore the analysis focuses on comparisons of the final J-values calculated by each
of the two approaches for identical atmospheres in TM5 when integrating all of the
changes described above. To gauge which modification introduces the most dominant
effects additional sensitivity simulations have been performed using both TM5 and a
chemical box-model, with the main findings being included in the discussion below.
For brevity we focus on those J-values which govern the oxidising capacity of the tropo-
sphere, namely the photolysis of ozone (Joz) and nitrogen dioxide (Jyo2)- Differences
for those J-values important for the photo-dissociation of hydrogen oxide (HO,) and
nitrogen oxide (NO,) reservoirs (e.g. formaldehyde (CH,O) and peroxyl-acetyl nitrate
(PAN)) are shown in the Supplement in Figs. S5 and S6, respectively.

Figure 1 shows the seasonal zonal variability in Jo3 and Jyg, calculated by the MBA
for DJF and JJA during 2006. Also shown are the corresponding relative differences
with the J-values calculated by BA. As would be expected, Joz is more sensitive to
the integrated O5 absorption and scattering of photons that occurs in the overhead
column. Thus the magnitude of Jy; decreases markedly from the UT to the lower
troposphere (LT). In contrast, the atmosphere is rather opaque for radiation with wave-
length >350 nm resulting in Jyo,, Whose ¢-values result in the most important spectral
region being between 380—-400 nm, being rather homogeneous with altitude and princi-
pally governed by the incident SZA (due to the amount of scattering) and the length of
the day. Analysing the corresponding difference plots shows that the MBA introduces
differences in both Jo; and Jyp, of the order of +£20 %, although the distribution of
these differences is markedly different. For Jo; the differences exhibit a strong latitu-
dinal dependency for both seasons, where there are increases throughout the column
at mid-latitudes and decreases in the middle troposphere (MT) in the tropics. For the
UT there is a latitudinally independent increase in Jo5 of between ~20-30 %. For Jyoo
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decreases occur in the MT and UT across all latitudes, with those for JJA being larger.
Chemical box modeling studies have shown that the update of the - and ¢-values for
NO, from those applied in the BA leads to an increase in Jyq, of between ~5-20 % de-
pending on latitude and season (Williams and van Noije, 2008). The decreases shown
in Fig. 1 for Jyo, in the MT and UT are therefore due to a reduction in the F,; values
calculated in the MBA compared to BA when applying all modifications documented
in Sect. 2. The increases in the LT for both J-values are due to modifications in the
scattering component resulting from the new parameterizations for the description of
the optical properties of clouds and aerosols. For high latitudes (>70°N/S) the ap-
plication of the high-SZA wavelength grid, the differences in the SZA values, and the
application of the threshold limits for calculating &; results in large relative increases
for Jos of between ~100-200 % during polar winter, although Jo3 are small under such
scenarios.

Figure 2 shows the seasonal surface means and corresponding percentage differ-
ences for each J-value for seasons DJF and JJA. There is a sharp cut-off in J-values
around ~70° N (~70°S) in polar winter due to the lack of incident radiation in this sea-
son. The relative differences introduced by the MBA are larger for Jo5 than for Jyg, due
to a larger sensitivity of UV actinic fluxes in the troposphere to e.g. the slant column
than those in the visible. For latitudes where a large SZA occurs throughout a signifi-
cant portion of the day (e.g. Europe during DJF) relative differences exceeding 100 %
occur for surface Jg; values. The effects of the relatively minor differences in SZA be-
tween MBA and BA can be seen in the surface differences for Jyo, at high latitudes
where more grid cells become photolytically active. The influence of the variability in
scattering due to cloudiness, aerosols and surface albedo between different regions
becomes apparent in the geographical distribution of the differences. That the current
application of the aerosol scheme prescribes rural aerosol over all land types instead of
a more sophisticated aerosol scheme such as M7 (Viganti et al., 2004), which is likely
to moderate surface J-values due to the inclusion of both more scattering (sulphate)
and absorbing (black carbon) urban aerosol types.
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In order to quantify the impact of introducing the parameterization for variable cloud
droplet sizes on tropospheric J-values, a sensitivity simulation was performed using the
MBA where the ry was fixed at 8 um (i.e. the default value adopted in TM5 in Huijnen
etal., 2010a). Over large land masses differences of £2 % occur whereas near regions
of strong convective activity, such as near tropical storm tracks that contain high cloud
OD values, decreases of ~15-25 % occur (not shown).

The influence of changing the TOA solar spectrum was quantified by replacing the
solar spectrum of Dobber et al. (2008) with that based on measurements by the SOLar
SPECtrum spectrometer (SOLSPEC) on the ATLAS-3 mission (Thuillier et al., 2003),
which is similar to that used in the BA. The application of the TOA spectrum of Thuiller
et al. (2003) decreases Jg3 by ~2—7 %, with the largest differences occurring away from
the tropics (>50° S/50° N). For Jyo, there are only small increases of a few percent ho-
mogeneously distributed across all latitudes due to the net change in TOA flux between
spectra being different for the ultraviolet and visible spectral regions (not shown). The
integrated difference over the spectral range 1 =200—-600 nm is ~2.2 % in the TOA flux,
with the more recent Dobber et al. (2008) spectra being the brightest.

To show the seasonal impact on Jgz and Jyo, at the surface Fig. 3 includes di-
rect comparisons of the monthly mean variability during 2006 for selected grid cells.
Strong seasonal cycles are evident in the means and the largest absolute differences
are associated with the high values which occur during JJA. Comparing latitudinal dif-
ferences between the BA and the MBA shows that the correspondence is best in the
mid-latitudes around 40° N. This is surprising as the F, values used in the BA are
calculated using AFGL tropical profiles for 21 March using a fixed surface albedo of
0.05 (Huijnen et al., 2010a). Therefore it is clear that there is some cancellation of
effects between the different approaches. For the tropics no seasonal cycle in the dif-
ferences between J-values is found. The new J-values from MBA exceed the original
BA J-values by ~20 % throughout the year.

Large scale CTMs typically have problems in capturing the small-scale variabil-
ity associated with J-values due to the coarse horizontal resolutions employed, the
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staggered update frequency of the meteorological parameters and the lack of accu-
rate input data for e.g. aerosols. We perform a first-order assessment of the J-values
shown in Fig. 3 by comparing these to daily mean values which have been published
in the literature. For instance, measurements taken in June at Ann Arbor, Michi-
gan, US (42.2° N, 83.8° W, 300 m), during the International Photolysis Frequency Mea-
surement and Modeling Intercomparison (IPMMI) at Boulder, Colorado, US (39.6° N,
105.1° W, 1800 m) and in August during the POPCORN campaign at Pennewitt, Ger-
many (53.8°N, 11.8°E) indicate that the daily means of Jy; at the surface are of the
order of ~1.2-1.5x 107 °g™" (Dickerson et al., 1982; Hofzumahaus et al., 2004; Kraus
and Hofzumahaus, 1998), although the absolute values depend on cloud cover and
SZA. The corresponding monthly means for Jo3 shown in Fig. 3 are within the range of
these measurements. Finally, when analysing the monthly mean values of Jo; against
the resident mixing ratios of OH a rather linear relationship is found similar to that
observed at Hohenpeissenberg, Germany (47.2° N, 11.0° E) between 1999 and 2003
(Rohrer and Berresheim, 2006), albeit with a different gradient.

The corresponding measurements for Jyo, indicate daily means of the order of 4—
6x107°s™", with the magnitude being rather insensitive to altitude (Dickerson et al.,
1982; Kraus and Hofzumahaus, 1998). Comparing the monthly mean values shown
in Fig. 3 for latitudes 40-50° N shows that the Jyo, values calculated by the MBA
may be on the low side which would suppress O3 formation in the CTM. Cloud effects
(e.g. extent of coverage) could most probably explain the somewhat lower J-values
calculated using the MBA.

4 Effect of the MBA on the distribution of global trace gases

Figure 4a and b show the zonally averaged global vertical distributions of O3, NO,, car-

bon monoxide (CO) and OH using the MBA for the seasons DJF and JJA, respectively.

The right panels in Fig. 4a and b show the relative changes with respect to the appli-

cation of BA in TM5. The corresponding changes at the surface for both seasons are
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shown in Fig. S4 in the Supplement. Note that NO, is being defined as a composite
of NO, NO,, NO3, N,Og5 and HNO,. This NO, composite is the NO, species that is
transported in TM5 and shown here (Huijnen et al., 2010a).

4.1 Tropospheric ozone (O;)

For tropospheric O3 the largest seasonal increases of ~5-15 % occur in the NH during
DJF. There are corresponding decreases in the SH of a few percent due to a significant
reduction in the long-range transport of PAN into more remote regions (~20-30 %,
see Fig. S6 in the Supplement) and faster photolytic destruction in the LT. There are
also significant increases in the tropical UT of between ~2-20 % associated with the
introduction of Jg,. The seasonal pattern in the latitudinal differences can be attributed
to the variability and intensity of available sunlight. The largest increases in surface Oy
(~25-50 % or 2—15 ppb, see Fig. S3 in the Supplement) occur during DJF near regions
that exhibit high NO, emission sources i.e. Europe, Eastern US and China. For JJA
the corresponding increases in surface O are more muted (~5-15 % or 2-5ppb). The
corresponding reductions in surface NO, show that increases in surface O3 are due to
an enhancement in the NO, re-cycling efficiency for the MBA and, thus, an increase in
the net O; production per molecule of NO, emitted. For more remote regions changes
in surface Og are limited to a few percent.

The changes in the annual chemical budget terms for tropospheric O3 are given in
Table 2. In addition to the globally integrated chemical budge